The emergence of antibiotic resistance in recent years has radically reduced the clinical efficacy of many antibacterial treatments and now poses a significant threat to public health. One of the earliest studied well-validated targets for antimicrobial discovery is the bacterial cell wall. The essential nature of this pathway, its conservation among bacterial pathogens, and its absence in human biology have made cell wall synthesis an attractive pathway for new antibiotic drug discovery. Herein, we describe a highly sensitive screening methodology for identifying chemical agents that perturb cell wall synthesis, using the model of the Grampositive bacterium Bacillus subtilis. We report on a cell-based pilot screen of 26,000 small molecules to look for cell wall-active chemicals in real time using an autonomous luminescence gene cluster driven by the promoter of ywaC, which encodes a guanosine tetra(penta)phosphate synthetase that is expressed under cell wall stress. The promoter-reporter system was generally much more sensitive than growth inhibition testing and responded almost exclusively to cell wall-active antibiotics. Follow-up testing of the compounds from the pilot screen with secondary assays to verify the mechanism of action led to the discovery of 9 novel cell wall-active compounds.
T he emergence and spread of antibiotic resistance in recent years have reduced the clinical efficacy of many antibacterial treatments, posing a significant threat to public health. With the 1929 discovery of penicillin, the first antibacterial agent to be widely used, the cell wall was one of the earliest targets exploited in antibacterial drug discovery (1) . Indeed, cell wall-active agents have been a rich source of efficacious antibiotics. These drugs are typically bactericidal in nature and target extracytoplasmic functions in bacterial cells, eliminating the requirement for cell penetration. Although intensively explored, the cell wall still has many untapped targets and provides new opportunities for the discovery of novel antibacterial chemical agents (2) (3) (4) . Indeed, nearly all cell wall-active agents have been discovered using screens for growth inhibition, followed by cumbersome secondary screens for activity directed at the cell wall. What is lacking are selective primary screening assays for the sensitive detection of cell wallactive compounds, avoiding off-target and nuisance compounds.
The bacterial cell wall is an essential macromolecular structure with key roles in numerous functions, including maintenance of cell shape, growth, and division (5) . The Gram-positive cell wall is composed of two main components, i.e., peptidoglycan (PG) and wall teichoic acid (WTA), in roughly equal quantities. Both are synthesized on the lipid carrier undecaprenol phosphate (6) . Existing antibacterials targeting the cell wall are largely inhibitors of PG synthesis; however, WTA and undecaprenol synthesis are emerging as promising new targets (7) (8) (9) (10) .
Previous work from our laboratory identified upregulation of the ywaC gene upon inhibition of WTA synthesis (11, 12) . After that identification, we constructed a promoter-reporter system by fusing the promoter of ywaC to the lux genes, providing a realtime luminescence signal. The system was tested against an extensive panel of antibiotics and showed exquisite selectivity for antibiotics targeting cell wall biosynthesis (11) . Thus, the ywaC promoter-reporter system was able to sense cell wall stress in Bacillus subtilis resulting from the perturbation of PG, WTA, and undecaprenol synthesis. The ywaC gene encodes a largely uncharacterized protein that, in recent years, has been shown to have GTP pyrophosphokinase activity (13) . This class of enzyme synthesizes guanosine tetra(penta)phosphate [(p)ppGpp], a wellknown bacterial "alarmone" that influences gene expression during cell stress. In addition, studies using promoter census searches have revealed that ywaC is a member of the W regulon, which includes genes that are upregulated in response to cell wall-active antibiotics (14) . Indeed, other promoter-reporter-based systems have been used, in several bacterial hosts, to detect the presence of cell wall inhibitors (15) (16) (17) (18) (19) (20) (21) (22) . For the most part, these systems respond only to compounds that block PG synthesis and thus are insensitive to, for example, WTA and undecaprenol synthesis.
Herein we describe the development and implementation of a kinetic whole-cell screening method using the P ywaC -lux promoter-reporter system. Using a library of ϳ26,000 diverse synthetic compounds, we show that the real-time assay is robust, highly sensitive, and amenable to high-throughput screening (HTS). Furthermore, the cell-based screen was extremely effective in enriching for cell wall-active chemicals. Secondary assays of the active compounds derived from this screen identified 9 novel compounds that target cell wall biogenesis in the Gram-positive B. subtilis model (Fig. 1) .
MATERIALS AND METHODS
Solid agar-based P ywaC screening methodology. Screens of P ywaC transcriptional activity were performed in 96-well microtiter plates (catalog no. 6005688; PerkinElmer), in duplicate, using a stand-alone Biomek FX workstation (Beckman Coulter Inc.). The night before screening, a single colony of strain EB1385 (11) was grown in 5 ml of Luria-Bertani (LB) broth supplemented with erythromycin (0.5 g/ml). On the day of screening, cells were harvested at an optical density at 600 nm (OD 600 ) of 3.0. The cells were then diluted into fresh LB broth supplemented with antibiotic, to a final OD 600 of 0.02. To each well of a 96-well microtiter plate, 1 l of compound (1 mM in 100% dimethyl sulfoxide [DMSO]) was added; 99 l of liquid (warmed) 0.5% LB agar supplemented with antibiotic was subsequently transferred to the 96-well microtiter plates containing compound. The liquid LB agar was allowed to solidify at room temperature for 2 h. After 2 h at room temperature, 20 l of cells at a final OD 600 of 0.02 was spotted on the surface of the solid LB agar. Plates were allowed to dry for approximately 1 h before the start of the assay. Assay luminescence was read using an EnVision Multilabel plate reader (PerkinElmer), with an emission wavelength of 492 nm, over the course of 19 h. Fosmidomycin (10 M) was used as the high control, and neat DMSO was used as the low control. In instances in which osmotic suppression assays were performed, LB medium was supplemented with 20 mM MgCl 2 -0.5 M sucrose-20 mM maleic acid (MSM). Calculation of the fold increase in luminescence was determined for each sample by dividing the luminescence values of the sample by the average of the values for the low controls on the same assay plate at the same time point.
MIC determinations. The MIC defines the lowest concentration of a compound required to inhibit the growth of a particular strain. A single colony of wild-type (WT) B. subtilis strain 168 (EB6) was grown in 5 ml of LB broth. Following 16 h of growth, the overnight culture was diluted 100-fold into fresh LB broth. Once the cells reached an OD 600 of 0.3 to 0.5, the cells were diluted 10,000-fold into fresh LB broth. The MICs of various antibacterial agents were determined for each of the strains by adding 198 l of the diluted cells to wells of a clear 96-well microtiter plate (catalog no. 3370; Corning Costar) containing the compound at 2-fold dilutions. The plates were incubated at 30°C for 16 h, with shaking at 250 rpm. Optical density was measured at 600 nm with a Spectra-max Plus instrument (Molecular Devices).
EC 50 determinations. A dose-response assessment (50% effective concentration [EC 50 ]) was determined for each priority active compound obtained from the primary screen by using a cell-based assay for growth inhibition. The assay was conducted as described for the MIC determinations in liquid LB medium. Inhibitors were added at half-logarithmic dilutions from 100 M to 0.001 M. EC 50 s were determined by the use of nonlinear least-squares regression using GraFit Workspace (Erithacus Software Ltd.).
Cytoplasmic membrane permeability assay. Cytoplasmic membrane permeabilization was determined by using the membrane-potential-sensitive cyanine dye DiSC 3 (5) (23). Strain EB6 was grown at 30°C, with shaking, to mid-logarithmic phase (OD 600 , 0.5 to 0.6). Cells were harvested by centrifugation at 16,000 ϫ g, washed once with buffer (150 mM Tris-HCl, pH 7.2), and resuspended in assay buffer (10 mM Tris-HCl, pH 7.2) to an OD 600 of 0.04. A 100-l cell suspension was placed in each well of a clear 96-well microtiter plate (catalog no. 3370; Corning Costar). The cell suspension was incubated with 0.4 M DiSC 3 (5) until DiSC 3 (5) uptake was maximal (as indicated by a stable reduction in fluorescence due to fluorescence quenching as the dye became concentrated in the cell by the membrane potential). The desired concentration of test compound was subsequently added, and the fluorescence reading was monitored using a Synergy HT multimode microplate reader (BioTek) at an excitation wavelength of 622 nm and an emission wavelength of 670 nm. The maximal fluorescence increase due to disruption of the cytoplasmic membrane was recorded. A blank with only cells and the dye was used for background subtraction.
Morphological studies of B. subtilis. Cultures were prepared as described previously for MIC determination and then chemically fixed in a 1:10 (vol/vol) culture/20 mM HEPES (pH 6.8)-1.5% glutaraldehyde solution. Samples were fixed at 4°C overnight, to limit de novo cell wall biosynthesis during fixation. Samples were then negatively stained with 1.5% nigrosin, flushed with N 2 gas to remove bubbles, and gently heated at 55°C to bring cells to a common focal plane. Samples were visualized using bright-field microscopy with an inverted Nikon Eclipse TE200 microscope at ϫ1,000 magnification, with a Plan Fluor Apo 100ϫ objective. Micrographs were acquired using the open-source microscopy package Micro Manager (24) .
RESULTS
Amenability of the P ywaC reporter system to high-throughput screening. Our laboratory originally reported on studies of the P ywaC reporter to identify interactions among WTA, PG, and undecaprenol synthesis in B. subtilis 168 while helping to explain the complexity of teichoic acid gene dispensability (11) . Here, we have optimized the P ywaC reporter system for high-throughput screening (HTS), harnessing its capacity to enrich for perturbants of cell wall synthesis. In modifying the previously reported method, a kinetic assay was developed in which luminescence was measured continuously for 19 h on solid LB agar containing compounds at a desired screening concentration of 10 M. As an obligate aerobe, our engineered B. subtilis strain posed an interesting screening challenge. Typically, HTS assays of bacteria are performed in liquid medium; however, shaking is required for reproducible growth of our reporter strain under such conditions. Furthermore, the kinetic nature of our assay meant that multiple readings pounds was screened using the P ywaC reporter system, which generated 54 active compounds. Activity was confirmed for 46 compounds upon retesting. Confirmed active compounds were subjected to growth inhibition studies using B. subtilis, which revealed 35 potent active compounds. Subsequently, a membrane-permeabilization counterscreen was used to exclude membraneactive compounds, which yielded 25 priority active compounds. For 9 of these compounds, the activity phenocopied known cell wall-active antibiotics, as P ywaC activity could be suppressed with the inclusion of osmoprotectants (MSM) in growth medium, and produced morphological defects in B. subtilis; these constituted novel cell wall-active compounds.
were required. Because multimode readers are commonly integrated with nonshaking incubation chambers, we needed an alternative solution. We found that solid agar provided ideal growth conditions and generated a robust reporter signal that was highly amenable to kinetic luminescence detection. In further optimizing the assay, three key parameters were evaluated, i.e., the cell culture inoculum, the temporal window in which luminescence was measured, and the screening concentration of the compounds. Different inocula were tested, to identify an optimal starting density at which most cell wall-active compounds upregulated the transcriptional response of P ywaC . At 6 ϫ 10 6 CFU ml Ϫ1 , all cell wall inhibitors tested yielded at least a 2.1-fold increase.
To probe the sensitivity of our assay system, we turned to conventional cell wall-active compounds of diverse mechanisms, for example, targeting both the membrane and extracellular steps in PG synthesis, as well as the 1-deoxy-D-xylulose-5-diphosphate (DOXP) isoprenoid biosynthesis pathway (Table 1) . In addition to cell wall-active compounds, we found that the reporter system was sensitive to membrane-active chemicals. The sensitivity of the P ywaC promoter-reporter was defined by the minimum activating concentration (MAC), which was compared with the MIC for known antibiotics. MAC values were evaluated based on a statistical increase of 4 standard deviations (2.1-fold increase) over the value for the low control (1% DMSO). Nearly all molecules had MIC/MAC ratios of Ͼ1, demonstrating that the reporter system was capable of detecting activity at concentrations below the MICs for most compounds. Particularly noteworthy was the high sensitivity for vancomycin, fosmidomycin, and various cephalosporins, for which ratios of Ͼ10 were seen. Nearly all of the aforementioned compounds showed meaningful activation of the reporter at Յ10 M. Thus, we chose this concentration for our high-throughput screen.
Kinetic screening of a 26,000-member small-molecule library for P ywaC activation. A diverse collection of ϳ26,000 synthetic compounds, commercially obtained from Chembridge and Maybridge Chemicals, was screened against the HTS-optimized P ywaC reporter system at concentrations of 10 M, in duplicate, for 19 h, with luminescence readings being obtained every 60 min (see the supplemental material for the full data set). There was no theoretical ceiling for the luminescence resulting from reporter gene activation; however, fosmidomycin (10 M) provided practical control for our screen. Fosmidomycin targets the DOXP pathway, specifically the reductoisomerase IspC. The latter is essential for the production of undecaprenol phosphate, the lipid species that supports both PG and WTA biosynthesis. DMSO at 1% was chosen as a low control, as this was the final concentration of DMSO present in each well containing a compound for analysis. Figure 2A shows an example of the time course for reporter luminescence in response to fosmidomycin and illustrates a strong broad peak of luminescence that is characteristic of the reporter system. The increase in luminescence signal in response to fosmidomycin correlates with growth. A maximum is reached as cells begin entering the stationary phase. Interestingly, at this point the negative control (1% DMSO) shows an increase in luminescence. This tailing effect can be attributed to nutrient starvation, as YwaC is part of a class of enzymes that synthesize (p)ppGpp, a well-known bacterial alarmone that is produced during cell stress, including amino acid starvation. In our analysis of compound data, the maximum relative light unit (RLU) values were recorded and normalized to the values for the DMSO controls on the same screening plate. This generated values for fold increases, corresponding to the activation of the compound relative to that recorded for the 1% DMSO control. The inclusion of fosmidomycin as a control allowed us to monitor the robustness of the reporter throughout the screening procedure (Fig. 2B) . Figure 3A shows a plot of the data for the 26,000 compounds in which the fold increases in luminescence of replicates are plotted against one another, revealing strong reproducibility of the assay duplicates. A statistical analysis of the data revealed a standard deviation of 0.57 about the mean for the 1% DMSO control; instead of a statistical cutoff value, we elected to choose a threshold (3.5-fold increase) that made for a manageable number of active compounds. The threshold of a 3.5-fold increase led to 81 active compounds in the primary screen. Figure 3B shows an analysis of the duration of luminescence increases of Ն3.5-fold and reveals that several of our active compounds resulted from a single spike in luminescence. Where this behavior was quite different from, for example, that of our control compound fosmidomycin, we suspected that these spikes might be fleeting luminescence artifacts.
To guard against possible artifacts, the 81 primary active compounds were further evaluated to ensure that the increases were sustained for at least 2 consecutive time points (2 h); that analysis led to 54 active compounds. These compounds were subjected to retesting under primary screening conditions, which yielded 46 confirmed active compounds. EC 50 and membrane permeabilization studies. Studies of dose-dependent growth inhibition were conducted with the 46 confirmed active compounds using wild-type B. subtilis 168. Approximately 35 compounds showed clear growth inhibition, with EC 50 s between 0.05 and 80 M (see Table S1 in the supplemental material). Potency showed modest correlation with P ywaC responses seen in the primary screen, i.e., molecules with potent EC 50 s (0 to 10 M) showed the strongest P ywaC transcriptional activity (Fig. 4) .
As membrane-active compounds were shown previously to increase P ywaC transcriptional activity, a membrane permeabilization counterscreen was performed with the 35 potent active compounds using the membrane potential-sensitive cyanine dye DiSC 3 (5) . In this assay, membrane-active compounds lead to an increase or decrease in steady-state fluorescence through perturbation of the proton motive force (25) . Of the 35 potent active compounds tested, 8 molecules were membrane active (see Table  S1 in the supplemental material). With two compounds unavailable for reorder, this left us with 25 priority active compounds for follow-up testing to confirm activity on the cell wall. Suppression of P ywaC transcriptional activity of cell wall-active antibiotics by osmoprotectants. To determine whether the transcriptional responses of P ywaC could be suppressed by osmoprotectants when exposed to cell wall-active agents, a panel of known cell wall-active antibiotics was tested in rich medium in a dose-dependent manner, in the presence and absence of 20 mM MgCl 2 , 0.5 M sucrose, and 20 mM maleic acid (26) . Responses were monitored for compounds with diverse targets, including transpeptidation (vancomycin and nafcillin), cytoplasmic synthesis of precursors (fosfomycin), and membrane-associated steps (bacitracin, friulimicin B, ramoplanin, moenomycin A, and tuni- for the positive control compound fosmidomycin at a concentration of 10 M is shown (black circles). Also shown is the luminescence with the addition of 1% DMSO (gray circles). (B) Fosmidomycin was used a control compound on each screening plate. Shown is the maximal P ywaC response recorded in response to 10 M fosmidomycin for each of the control wells (black circles) relative to that of 1% DMSO treatment (gray circles). Solid black and gray horizontal lines correspond to the averages for fosmidomycin and DMSO activation, respectively. Dashed black and gray horizontal lines correspond to Ϯ1 standard deviation from the mean of activation due to fosmidomycin and DMSO, respectively.
FIG 3
Replica plot and hit selection for the primary P ywaC kinetic screen of 26,000 small molecules. (A) Duplicate samples from the primary screen describe the maximum fold increases in luminescence achieved during the 19-hour kinetic reading. With an arbitrary cutoff value of Ն3.5-fold increases for both replicates, the data shown as black circles correspond to 81 compounds designated active compounds, while compounds shown as gray circles are inactive. The gray box is the zone of the replica plot in which the primary hits are found, i.e., Ͼ3.5-fold in both replicate 1 and replicate 2. (B) The plot shows the duration of activation for the 81 molecules (P ywaC activity above a 3.5-fold increase). Fifty-four compounds (black bars) showed sustained activity for at least two sequential kinetic readings. The remaining 27 compounds (gray bar) showed activity for only one time point and were deprioritized for further testing. camycin). In the presence of osmoprotectants, the reporter was suppressed for all cell wall-active compounds tested (Fig. 5) .
The 25 priority active compounds were reordered, and liquid chromatography-mass spectrometry confirmed the purity (Ͼ80%) and identity of each. Having demonstrated the suppression of reporter luminescence for known cell wall-active compounds, we endeavored to explore this phenotype for the priority active compounds. P ywaC reporter activity was monitored in a dose-dependent manner at 0.5 to 256 M, for 19 h, on solid LB agar in the presence and absence of osmoprotectants (MSM). Of the 25 compounds, 9 showed signature luminescence responses that were concentration dependent and could be at least partially suppressed by osmoprotectants (Fig. 6) , suggesting that these compounds are active against the bacterial cell wall biosynthetic machinery (Table 2) .
Morphological effects of P ywaC -active compounds against B. subtilis 168 at sub-MIC levels. With the 9 compounds phenocopying known cell wall-active antibiotics, we sought further confirmation through microscopic examination. Dose-dependent studies were performed with each of the 9 compounds at sub-MIC through MIC levels. The fractions of abnormal cells in treated populations were observed to be inversely proportional to the cell culture density, demonstrating dose-dependent filamentous morphology characteristic of cell wall-active molecules (see Fig. S2 in the supplemental material). All 9 of the compounds showed in- duction of morphological changes at sub-MIC levels, in a dosedependent manner (see Fig. S1 in the supplemental material), and four are highlighted in Fig. 7 . We conclude that these 9 compounds are likely cell wall active.
DISCUSSION
In the work presented here, we have made use of the specific responses of the B. subtilis ywaC promoter to cell wall-active antibiotics to develop a real-time high-throughput assay for novel chemical agents that affect cell wall biosynthesis. Optimized for solid growth medium, the P ywaC -lux promoter-reporter system was a robust sensitive reporter of the action of known cell wallactive antibiotics with various mechanisms of action, including both intracellular and extracellular steps in PG synthesis and the DOXP pathway for isoprenoid biosynthesis. The sensitivity of the reporter was highlighted by comparing MIC and MAC values. Exquisite sensitivity for some cell wall-active antibiotics was seen, in some cases at concentrations 30-fold lower than the MIC.
A pilot-scale screen of 26,000 diverse synthetic compounds using the P ywaC -lux promoter-reporter system revealed 54 active compounds, 46 of which were confirmed on retesting. Approximately 35 of these had potent whole-cell activity against B. subtilis and were further evaluated with a counterscreen for off-target membrane-active compounds using DiSC 3 (5), a fluorescence reporter of membrane polarization in bacteria (25) . This left 25 priority active compounds, which were reordered, checked for quality and identity, and tested for dose-dependent responses of the P ywaC -lux promoter-reporter system in the presence and absence of osmoprotectants. Nine of the 25 compounds showed signature luminescence responses that were concentration dependent and suppressed by osmoprotectants. All 9 of these chemicals are most likely novel cell wall-active compounds.
The latter assay was inspired by evidence dating back more than 40 years that established that cell wall-deficient cells (induced by genetic mutation or chemical perturbation) could be rescued with osmoprotectants and divalent cations (27) (28) (29) (30) (31) (32) . In recent years, it was shown that a stable L-form of B. subtilis lacking a cell wall could be generated by depletion of the murE operon and a single mutation in ispA when cultured in rich medium supplemented with high concentrations of sucrose and Mg 2ϩ (26) . We
FIG 6
Dose-response curves for the P ywaC promoter-reporter in the absence and presence of osmoprotectants, leading to 9 novel cell wall-active inhibitors. Peak responses of the P ywaC reporter were measured in the presence (black circles) and absence (gray circles) of osmoprotectants (MSM) for 25 priority active compounds, of which 9 phenocopied known cell wall-active antibiotics, identifying them as cell wall-active compounds. Fold increases in luminescence were calculated by dividing the RLU value in the presence of inhibitor by the value for the 1% DMSO control.
hypothesized that the activity of P ywaC induced by cell wall-active compounds could be suppressed in the presence of osmoprotectants, similar to findings for chemical or genetic blocks in cell wall synthesis. Such suppression phenotypes were used to prioritize novel compounds for studies of the cell wall mode of action. In examining known cell wall-directed antibiotics in dose and temporal studies, we found that the transcriptional activity of the P ywaC reporter system could indeed be suppressed in the presence of osmoprotectants.
Morphological changes of various bacterial species due to exposure to cell wall-active agents have been well documented over the years and show varied phenotypes, including blebbing, rounding, and long filamentation, as well as increases in division septa (33) (34) (35) (36) (37) . To determine whether the 9 compounds thought to be selectively targeting cell wall biosynthesis showed similar phenotypes, imaging studies for these compounds were performed at sub-MIC and MIC levels. All 9 of the compounds showed induction of morphological changes at sub-MIC levels, in a dose-de- pendent manner. Interestingly, MAC-0080655 gives rise to long filamentous cells at low concentrations; when the MIC is approached, however, cells become shorter and spheroplasts begin to appear. Such morphological dependence on concentration was described previously for ␤-lactams in Escherichia coli (37) . Other cell wall reporter-based strains that respond to inhibition of essential steps in PG synthesis, including a vanH promoterreporter fused to lacZ, have previously been developed. However, such systems report on only a subset of cell wall targets, such as inhibition of transglycosylation (17) . In contrast, the P ywaC reporter described herein has a nearly comprehensive response to cell wall synthesis inhibition, with demonstrated sensitivity for multiple pathways that converge on cell wall assembly, including PG, isoprenoid, and WTA biosynthesis.
The P ywaC reporter screen takes a whole-cell approach, with a unique ability to report on biological activity at sub-MIC levels. Thus, the assay has the potential to discover cell wall-active compounds that would otherwise be discarded in conventional screens for viability. While the P ywaC promoter-reporter could be a valuable follow-up tool to enrich for cell wall-targeted chemicals among whole-cell-active collections, it is arguably best used as a primary screening tool, with the rare capacity to report on previously untapped chemical areas. Such sensitivity could be particularly useful in, for example, the search for novel natural-product inhibitors, where high-throughput efforts typically use crude or semipure extracts that may contain molecules of interest at subinhibitory concentrations. In addition, unlike typical whole-cell screening approaches, the P ywaC promoter-reporter system eliminates the need for follow-up testing of uninteresting and generally reactive nuisance compounds while reporting specifically on inhibitors that perturb cell wall biosynthesis. Our efforts have generated 9 novel cell wall-active compounds for further mode-ofaction studies to elucidate their specific targets in the context of cell wall assembly.
